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Abstract: Understanding the response process of the soil moisture of different 10 

vegetation types to rainfall in karst regions in winter is of great significance to the 11 

implementation of various ecological restoration projects. However, at present, the 12 

related research is mainly focused on nonwinter seasons, so there is less winter 13 

research. Therefore, in this study, in Guanling County, Anshun City, southwestern 14 

Guizhou Province, four types of vegetation, grassland, arable land, shrubland, and 15 

forestland, were selected as sample plots, and the degree、time and speed responses of 16 

the soil moisture of the vegetation types to rainfall were calculated using the time 17 

series data of the soil moisture of different vegetation types. The results showed that 18 

among the four kinds of vegetation in karst regions in winter, the response degree of 19 

the grassland soil moisture to rainfall was largest, response duration was longest, and 20 

response speed was fastest. Also, the increment of the soil moisture in the adjacent 21 
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arable land soil layers significantly changed. In addition, in light rain events, only the 22 

soil moisture of the grassland and arable land responded. Overall, in this study, 23 

quantitative indices were used to illustrate the response process of soil moisture to 24 

rainfall for different vegetation types under the humid climate type of the 25 

mid-subtropical zone in pure limestone slope lands, thus enriching relevant 26 

knowledge systems and providing more scientific bases for the implementation of 27 

ecological restoration projects in karst areas. 28 

Keywords: karst, winter, soil moisture, rainfall, vegetation 29 

1 Introduction 30 

Soil moisture, rainfall, and vegetation are interactive processes (Shuai et al., 31 

2016; Daniele et al., 2008; Andrew et al., 2003; Eunhyung et al., 2019). On one hand, 32 

soil moisture affects the distribution of vegetation types (Zhao et al., 2019; Le er al., 33 

2013). On the other hand, the vegetation type is considered to be the main factor 34 

controlling soil moisture (Yinglan et al., 2018; Chen et al., 2007). Among them, 35 

vegetation characteristics, such as irrigation, affect the redistribution of rainfall, 36 

thereby affecting the replenishment and change of soil moisture (Duan et al., 2016). 37 

Different vegetation types often have different characteristics of irrigation layers and 38 

may have different effects on soil moisture. Therefore, a clear understanding of the 39 

dynamic response process of soil moisture to rainfall for different vegetation types 40 

can help in understanding the hydrological process of soil 41 

moisture-vegetation-precipitation and may have scientific guiding significance for the 42 
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implementation of various ecological restoration projects (Hou et al., 2018). 43 

In recent years, more and more scholars have paid attention to studying the 44 

response process of the soil moisture of different vegetation types to rainfall. The 45 

results of their studies showed that in different periods, the response processes of the 46 

soil moisture of different vegetation types to rainfall are different. For example, Li et 47 

al. (2015) found that there are significant differences in the response patterns of soil 48 

moisture to rainfall in vegetable and forestland soils throughout the year. Also, Tian et 49 

al. (2019) found that in the vegetation growing season, the profile distribution patterns 50 

of the soil moisture response of shrubs and bare-land vegetation are similar, while the 51 

profile distribution patterns of meadows, high-coverage grasslands, and 52 

medium-coverage grasslands are significantly different. The above research results 53 

provide effective method references and valuable information for further research in 54 

non-karst areas, but the research rules may not be applicable to karst areas. The reason 55 

is that the properties of bedrock and soil are also important factors that affect the 56 

dynamic changes of soil moisture (Zhao and Gao, 2020). Compared with other areas, 57 

in karst areas, the bedrock is mostly carbonate rock, and karstification is strong, which 58 

makes the soil layer thin in such areas and leads to broken ground surfaces (Deng et 59 

al., 2020) and strong soil permeability. These characteristics may cause the degree, 60 

speed, and time of the soil moisture response to rainfall different from those in other 61 

regions. Thus, the response process of soil moisture to rainfall in karst regions differs 62 

from that in other regions. 63 

Many scholars have studied the response process of the soil moisture of different 64 
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vegetation types to rainfall in karst regions (Yang et al., 2019; Yolanda et al., 2016; 65 

Zhang et al., 2011; Fu et al., 2016). For example, Yang et al. (2021) found that under 66 

the same rainfall conditions, the response time of grassland soil moisture to rainfall is 67 

shorter than that of the soil moisture of farmland and bare land and that the sensitivity 68 

of soil moisture in grassland is higher than that in farmland and bare land. Zhou et al. 69 

(2019) found that with the increase in rainfall, the increase in the soil water content in 70 

forestland and shrubland is greater than that in bare land and grassland. These studies 71 

have also explained the response process of the soil moisture of different vegetation 72 

types to rainfall in terms of response degree and response time. However, the current 73 

studies on the response process of soil moisture to rainfall are mainly focused on 74 

nonwinter seasons (Chen et al., 2010; Guo et al., 2016), and there is not enough 75 

research for winter (Sun et al., 2020). Also, the changes in soil moisture in winter still 76 

form an important part of hydrological processes and affect vegetation restoration and 77 

ecological reconstruction. In the subtropical humid karst area, on one hand, winter 78 

vegetation transpiration is weak (Wang et al., 2021), the temperature is not too low, 79 

and a part of the vegetation is still growing. On the other hand, the seasonal 80 

distribution of rainfall is uneven (Xiao et al., 2021), there is little rain in winter, the 81 

leakage coefficient is large, and it is not easy for the surface to store water (Chen et al., 82 

2021). The ability of soil to regulate water in dry seasons is more important. 83 

Therefore, the response process of the soil moisture of different vegetation types to 84 

rainfall in winter is still an important investigation topic that needs to be accurately 85 

studied. 86 
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Based on this, to find out the dynamic response process of the soil moisture of 87 

different vegetation types to rainfall events in winter, the response degree, response 88 

time, and response rate of the soil moisture of different vegetation types to rainfall in 89 

different soil layers were calculated, and the dynamic response process of soil 90 

moisture to rainfall was analyzed. Thus, the soil hydrological processes related to 91 

rainfall for different vegetation types in karst areas were revealed, and important 92 

reference values for the key management parameters of water resources were 93 

provided. 94 

2 Materials and methods 95 

2.1 Study area 96 

The study area is located in the southwest of Guizhou Province, about 40 km 97 

southeast of Guanling County, Anshun City. The geographic coordinates are 105°43´E, 98 

25°44´N, and the altitude is 367～1831 m. It belongs to the Wumeng Mountains and 99 

has large undulations. The types of landform in the territory are complex and diverse, 100 

the surface is broken, and limestone is widely distributed, which makes it a typical 101 

karst landform. The climate is humid mid-subtropical monsoon climate with an 102 

average annual temperature of 16.2℃ and an annual precipitation of 1205.1~1656.8 103 

mm. The soil is mostly Rendzic Leptosols and brown Rendzic Leptosols. Natural 104 

vegetation mainly consists of forests, shrubs, grass, and other vegetation kinds. The 105 

forestland is mostly evergreen broad-leaved forest mixed with a small number of 106 

deciduous trees and cypress forests. Artificial vegetation is mainly composed of corn, 107 
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plantain, emperor bamboo grass, and sugar cane. 108 

2.2 Sample plots design 109 

To eliminate the influence of the other environmental factors besides the 110 

vegetation types and related factors among the sample plots, all the selected sample 111 

plots were located on the same slope with an altitude of about 700 m. The slope 112 

direction was NE, and the slope was about 25°. Due to the shallow soil layer of karst 113 

slope land, the sample plots selected in this study had a large amount of gravel that 114 

reached the bedrock (~30 cm below the surface), and the soil thickness significantly 115 

varied. Therefore, the depth of the soil profile moisture observation was set to 20 cm. 116 

The main vegetation in this area is artificially planted corn and plantain in addition to 117 

secondary grasslands, shrubs, and forestland that have been naturally restored after 118 

the conversion of farmland. Four types of planting covers were chosen: arable land, 119 

secondary grassland, secondary shrubland, and secondary forestland, and monitoring 120 

plots were set up for them, respectively. The vegetation information and soil 121 

background of the sample plots are shown in Table 1, and Fig. 1 shows an overview 122 

of the sample plots and the distribution of their monitoring points. 123 

Table 1 Overview of sample plots of various vegetation types 124 

Vegetation 

Type of 

Plot 

Vegetati

on 

coverage 

Vegeta

tion 

height 

Soil type 

Soil 

texture 

Soil bulk 

density 

(g/cm) 

Soil organic 

matter content 

(g/kg) 

arable 

land 

40% 2 m 

 Rendzic 

Leptosols 

Silty 

loam 

1.22 28.95 
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 125 

     126 

Grassland 70% 0.7 m 

 Rendzic 

Leptosols 

Silty 

loam 

1.15 49.23 

Shrubland 85% 3.4 m 

 Rendzic 

Leptosols 

Silty 

loam 

1.11 68.15 

Forestland 95% 15 m 

 Rendzic 

Leptosols 

Silty 

loam 

1.04 70.90 

b 

a 
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 127 

Fig 1. Overview map of the sample plots (a) and distribution map of the monitoring 128 

points (b). In Figure 1b, A1, A2, A3, A4, and A5 are arable land monitoring points, 129 

G1, G2, G3, G4, and G5 are grassland monitoring points, F1, F2, F3, F4, and F5 are 130 

forest land monitoring points, and S1, S2, S3, S4, and S5 are shrubland monitoring 131 

points. The dotted line separates the different vegetations from each other. ★132 

represents the automatic rainfall thermometer. 133 

2.3 Observation data collection 134 

For each vegetation type, 5 monitoring points with a size of 5 m × 5 m, an 135 

interval of about 20 m, and 4 sample plots were randomly selected (a total of 20 136 

monitoring points). The HOBO H21_USB soil moisture monitoring system was used 137 

at each monitoring point, and the ECH2O-5 probe (The METER Group, Inc. USA) 138 

was horizontally inserted in the soil layers at different depths (first layer: 0–5 cm; 139 

second layer: 5–10 cm; third layer: 10–15 cm; fourth layer: 15–20 cm). Real-time 140 

monitoring of the soil moisture changes during rainfall was performed, the data 141 

collection frequency was 10 minutes, and the monitoring time was from July 5, 2019 142 

to January 2020 6th. Taking into account the actual start and end of winter in the study 143 

area, the soil moisture data for this study were selected from November 5, 2019 to 144 

January 6, 2020. 145 

The HOBO RG3_M automatic recording rainfall thermometer observation map 146 

was used for the rainfall data. Concerning the monitoring points of each vegetation 147 

type, two monitoring points were selected to place this type of rainfall thermometer 148 

on the forest surface to observe the penetrating rainfall in the forest and the 149 

near-surface temperature under the vegetation. The data collection frequency was 10 150 

minutes, and it was synchronized with the soil moisture data. The rainfall observation 151 
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period was from November 5, 2019 to January 6, 2020. 152 

2.4 Experimental methods 153 

In each plot, soil samples were collected at 4 layers (5 cm, 10 cm, 15 cm, 20 cm) 154 

to determine the soil properties. A 100-cm3 ring knife was used (bottom surface: 20 155 

cm2; height: 5 cm) to collect undisturbed soil from the 4 soil layers of each sample 156 

plot to determine the bulk density, total porosity, capillary porosity, noncapillary 157 

porosity, and saturated hydraulic conductivity. The sampling time was July 5–21, 158 

2019. The experimental procedure is as follows. Soak the ring knife with the 159 

undisturbed soil in water until the weight becomes stable, and weigh Ws(g) when the 160 

soil becomes saturated. Then, put the ring knife on the ring knife holder, add an empty 161 

ring knife to each ring knife and seal it, add water to the upper edge of the empty ring 162 

knife and maintain the water level, collect the water seepage using a triangular flask 163 

and a funnel, and record the amount of water conduction h (cm3) corresponding to 164 

time t (h). After the recording is complete, place the ring knife in the ring knife holder 165 

and do not add more water until the gravity water is excluded, where the weight is Wg 166 

(g). Transfer the soil discharged from the gravity water to an aluminum box with a 167 

weight of Wb (g), weigh the empty ring knife weight Wr (g), and set the oven at 105℃ 168 

to dry the aluminum box with the soil sample for about 8 hours until the weight 169 

becomes stable. Then, weigh Wd (g) The calculation method of each soil attribute is 170 

shown by formulas (1–4). 171 

The calculation method of the soil bulk density BD (g/cm3) is as follows: 172 
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100

- bd WW
BD 

.              （1）
 173 

In the formula, 100 is the undisturbed soil volume (cm3). 174 

The calculation method of the porosity TP (%) is as follows: 175 

   
100

100





bdrs WW-WW
TP

.          （2）
 176 

In the formula, the first 100 is the undisturbed soil volume (cm3), and the second 100 177 

is the percentage conversion coefficient. 178 

The calculation method of the saturated hydraulic conductivity SH (cm/h) is as 179 

follows: 180 

20


t

h
SH

.               （3）
 181 

The organic matter content was determined using the potassium dichromate 182 

titration method. Under heating conditions, a certain amount of potassium dichromate 183 

solution was used to oxidize the organic carbon in the soil with the participation of 184 

concentrated sulfuric acid, and the remaining potassium dichromate was titrated with 185 

ferrous sulfate. The amount of organic carbon was calculated from the amount of the 186 

consumed potassium dichromate. Then, it was converted to the soil organic matter 187 

content. According to the soil organic matter content of the experimental plots, the 188 

weight of each soil sample used in the experiment was 0.15 g, and the oven was 189 

heated at 185–190℃ for 15 minutes. The calculation method of the organic matter 190 

content OC (g/kg) is as follows: 191 

 
1000

08.1724.1012.02/36/10 


dS

CVV
OC＝

,    （4） 
192 
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where V0 (ml) is the consumption of the ferrous sulfate solution in the blank test, 
193 

V (ml) is the consumption of the ferrous sulfate solution when the test liquid is titrated, 
194 

C (mol/L) is the molar concentration of the FeSO4 standard solution, 0.012 (g) is the 
195 

weight of 1 millimole of carbon, 1.724 (g) is the organic matter weight in grams 
196 

(equivalent to 1 g of carbon and calculated based on the average soil organic matter 
197 

carbon content of 58%), 1.08 is the correction factor (~90% oxidation), 1/6 is the 
198 

molecular ratio of potassium dichromate and ferrous sulfate, 3/2 is the molar ratio of 
199 

potassium dichromate and carbon, and 1000 is the unit conversion factor. 
200 

Determination of the soil mechanical composition: The soil mechanical 
201 

composition was measured using a laser particle size analyzer, and the international 
202 

system was used for particle size classification. The clay particle was <0.002 mm, the 
203 

powder particle was 0.002～0.02 mm, and the sand particle was 0.02～2 mm. 
204 

According to the international system, The map of the corresponding soil triangle 
205 

quality determines the type of soil texture. When conducting the soil mechanical 
206 

composition experiment, apretreatment was performed after removing the calcium 
207 

carbonate and organic matter, and a dispersant was added and then left to stand for 24 
208 

hours before using the machine. 
209 

The soil bulk density, soil porosity, saturated hydraulic conductivity, soil particle 
210 

size, and organic matter content are important factors that affect the dynamic changes 
211 

of soil moisture. In this study, they were used as auxiliary factors to explain the 
212 

dynamic changes of soil moisture for different vegetation types. 
213 
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2.5 Data analysis 214 

There were a total of 20 monitoring points for the 4 sample plots, where there 215 

were 5 monitoring points for each sample plot. Each monitoring point was divided 216 

into 4 soil layers for monitoring. A total of 80 soil moisture probes were used to 217 

obtain time series soil moisture data through probe monitoring. The average of the 218 

soil moisture time series of each soil layer of each vegetation type at the 5 monitoring 219 

points was calculated as the soil moisture time series of the soil layer of the vegetation 220 

type. During each rainfall, soil moisture presents a dynamic change process that first 221 

increases and then decreases, where it usually increases after rainfall and then 222 

decreases. Therefore, the data of the rainfall impact period was intercepted 10 minutes 223 

before the beginning of rainfall to 12 hours after the end of rainfall for the rainfall 224 

study. Change characteristics of soil moisture at time (the interval before and after the 225 

rainfall record is within 12 hours is regarded as the same rainfall). 226 

There were a total of 20 monitoring points, 4 soil layers, and 80 soil samples 227 

with the determination results of the soil properties. The average value of the 228 

measurement results of the 20 soil samples at the 5 monitoring points and the 4 soil 229 

layers of each vegetation type was calculated as the soil properties of the vegetation 230 

type. Also, the average value of the soil properties of the soil samples at the 5 231 

monitoring points for each vegetation type and each soil layer was calculated as the 232 

soil layer properties of the vegetation type. 233 
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2.6  Identification of soil moisture in response to rainfall events 234 

Usually, after rainfall, it can be assumed that the rainfall infiltration has reached 235 

a certain soil profile layer when its soil moisture starts to increase (Wang et al., 2008; 236 

Lozano et al., 2015; Laio et al., 2001). Therefore, in this study, we used the increase in 237 

soil moisture in each layer after rainfall to describe the soil moisture response process 238 

of the profile after rainfall. For this reason, we intercepted 10 minutes before the 239 

beginning of rainfall to 12 hours after the end of rainfall as the rainfall impact period 240 

data. Also, we identified all the processes of soil moisture during this period as 241 

follows: beginning to increase, increasing and stopping, starting to decrease, and 242 

stopping to decrease. as the soil moisture response process. The response of moisture 243 

to rainfall events. 244 

By taking into account the accuracy of the soil moisture probe, a rainfall event 245 

with an increase in soil moisture of more than 0.2% (Lin et al., 2008) was considered 246 

an effective rainfall event. There were 14 rainfalls in the observation period (the 247 

periods before and after the rainfall records within 12 hours were regarded as the 248 

same rainfall). According to the standards of the National Meteorological 249 

Administration of China, the rainfall intensity during the experiment period was 250 

divided, and the number of rainfall events of each type was counted. Finally, the 251 

rainfall was divided into light rain events and moderate rain events, of which a total of 252 

12 rain events occurred in light rain events and 2 rain events occurred in moderate 253 

rain events. 254 
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2.7 Quantification of the soil moisture response process 255 

Quantifying the response process of soil moisture can provide reference 256 

indicators for process-based soil hydrological processes (Green et al., 2011; Clark et 257 

al., 2017). Therefore, in this study, we used a series of quantitative indicators to 258 

characterize the response process of soil moisture so as to quantitatively describe the 259 

dynamic response process of soil moisture to rainfall events under different vegetation 260 

types. 261 

Several indicators have been used in previous studies to analyze the response 262 

degree of soil moisture to rainfall (Wiekenkamp et al., 2016; Mccoll et al., 2017). In 263 

this study, the absolute cumulative increase in soil moisture during rainfall events, 264 

ASWI was used as the response degree of soil moisture to rainfall. The formula is as 265 

follows: 266 

 267 

 

 

(5) 

Where 268 

 269 

 

 

 

(6) 

Θt
j is the soil moisture at a time t in the jth soil response event, △t is the time 270 

interval (10 min), ST and ET denote the start and end time of the jth soil response 271 

event, and ASWI is the cumulative soil moisture increase of the soil response event. 272 

  
ET

STt

j

t

jASWI 
















 

0,0

0,

j

t

j

tj

t 
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The ASWI of each soil depth layer at each monitoring point was calculated. To study 273 

the relationship between the increase in the soil moisture in the upper and lower layers, 274 

we calculated the ratio of the increase in the soil moisture of the two adjacent layers in 275 

the same rainfall event: 276 

 277 

 RSWIi
j(%) = 100×ASWIi-1

j / ASWIi
j
 

(7) 

Among them, i represents the soil layer (i = 2, 3, 4), ASWI ji-1and are ASWIJ
ithe 278 

soil moisture increments of the i-1 and i layers in the jth soil response event, 279 

respectively. 280 

This study is based on the time derivation of the increase in soil moisture, and 281 

the maximum slope and average slope of the soil response event were used to 282 

characterize the soil response rate. Among them, Smax and Smean are the maximum and 283 

average rates of the soil response to events, respectively, in vol.%/min: 284 

 285 

 

(8) 

 286 

 

(9) 

 

According to Sun et al.(2015), the response time of soil moisture to rainfall can 287 

be divided into two periods as follows: soil moisture response time (the soil moisture 288 

begins to increase after rainfall) and the increase period of soil moisture (duration of 289 

)100max(max

t

tttS



  

）（
t

S ttt

mean 


  
100mean 
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the soil response event). The soil moisture response time difference between adjacent 290 

soil layers is used to describe the migration process of the soil response peak, and it 291 

can be calculated by formula (10): 292 

 293 

 

 

(10) 

STi-1 and STi are the response times (i = 2,3,4) of soil moisture in the i-1th and ith 294 

layers to rainfall events, respectively, and DRT is the response time difference. The 295 

soil response event duration is calculated according to formula (11): 296 

 297 

 Durationj = ETj－STj (11) 

Among them, ETj and STj are the start and stop times of the jth soil response 298 

event, respectively. 299 

3 Results 300 

3.1 Dynamic changes of the soil moisture and rainfall in the monitoring period 301 

As shown in Fig. 2, the dynamic changes of the soil moisture in the different 302 

vegetation types in the monitoring period changed based on the rainfall changes, and 303 

there were differences in the soil moisture changes in each soil layer. With the 304 

increase in rainfall, the soil moisture of various vegetation types significantly 305 

fluctuated. Among them, the grassland soil moisture significantly fluctuated with the 306 

change in rainfall, and the soil moisture of each soil layer of the shrub had obvious 307 

differences. 308 

1 iii STSTDRT
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 309 

 310 

Fig 2. Distribution diagram of soil moisture and rainfall time series of different 311 

vegetation types during the monitoring period. a: grassland, b: represents arable land, 312 

c: shrubland, d: forestland . 313 

3.2 Response degree of the soil moisture of different vegetation types to different 314 

rainfall events 315 

It can be seen from Figs. 3 and 4 that under light rain conditions, the ASWI of the 316 

soil moisture of each vegetation type decreased with the increase in depth. In the case 317 

of moderate rain, the ASWI of the grassland and arable land reached the highest level 318 

in the second layer and then decreased with the increase in depth. Also, the ASWI of 319 

the shrub and forestland decreased with the increase in depth. In addition, the RSWI 320 

was below 100%, indicating that the soil moisture response to rainfall events 321 
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generally decreased with the increase in soil depth, and the response of the adjacent 322 

soil layers to soil moisture The degree weakens along with the profile. 323 

As shown in Figs. 3a and 4a, the ASWI of the grassland under moderate rain 324 

conditions was greater than that under light rain conditions. The response depth of the 325 

grassland soil moisture to light rain was only 15 cm, and the response depth to 326 

moderate rain was 20 cm. This shows that the response degree of grassland soil 327 

moisture to rainfall increases with the increase in rainfall. As shown in Figs. 3b and 328 

4b, the RSWI was below 100% under light rain conditions and was below 100% under 329 

moderate rain conditions except for the second layer (103.93%). This shows that the 330 

overall change trends of the soil moisture in the adjacent soil layers of grassland are 331 

basically similar. By comparing the ASWI and RSWI of grassland under different 332 

rainfall events, the response degree of the grassland soil moisture to moderate rain 333 

was greater than that to light rain. Compared with other vegetation types, grassland 334 

has the highest ASWI value, indicating that grassland soil moisture has the greatest 335 

response to rainfall. 336 

The ASWI of the arable land under moderate rain conditions was significantly 337 

greater than that under light rain conditions. The ASWI of the arable land under light 338 

rain conditions decreased with the increase in soil depth. Also, the ASWI of the arable 339 

land under moderate rain conditions was highest in the second layer and then 340 

gradually decreased. The depth of the soil moisture response of the cultivated land to 341 

light rain was only 10 cm, while it was 20 cm in the case of moderate rain. Except for 342 

the moderate rain conditions, the second layer (222.50%) of the arable land RSWI was 343 
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greater than 100%, and the values of the other soil layers were all less than 100%. 344 

This shows that the response degree of the arable land soil moisture to moderate rain 345 

events is greater than that in the case of light rain events. In addition, compared with 346 

other vegetation types, the RSWI value of each layer of the arable land significantly 347 

varied. 348 

The soil moisture of the shrubland and forestland did not respond to light rain 349 

events. Under moderate rain events, the ASWI of the shrubland and forestland was 350 

maximum in the first layer, and the RSWI was below 100%. This shows that the 351 

response of the soil moisture of shrubland and forestland to rainfall decreased with the 352 

increase in the soil layer. 353 

Under light rain events, the response degree of the soil moisture of the grassland 354 

and farmland decreased with the increase in the soil layer. Under moderate rain events, 355 

the response degree of the soil moisture of the grassland and arable land was 356 

maximum in the second layer, and the response degree of the soil moisture of the 357 

shrubland and forestland was maximum in the first layer. In general, the responses of 358 

grassland and arable land to rainfall are similar in distribution along with the profile, 359 

and shrub and forest land are similar. 360 
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Figure 3. ASWI (a) and RSWI (b) distribution diagrams of different vegetation types 362 

under light rain events. In the box diagram, G represents grassland and A represents 363 

arable land. 364 

 365 

 366 

Fig 4. ASWI (a) and RSWI (b) distribution map of different vegetation types under 367 

moderate rain events. In the Fig 4, G stands for grassland, A stands for arable land, S 368 

stands for shrubland, and F stands for forestland. 369 

3.3 Response time of the soil moisture of different vegetation types to different 370 

rainfall events 371 

As shown in Fig. 5a, under a light rain event, the difference in the soil moisture 372 
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response time (DRT) between the adjacent grassland soil layers increased with the 373 

increase in the soil layer, and the maximum DRT value appeared in the third grassland 374 

layer. As shown in Fig. 6a, under a moderate rain event, the DRT of the different 375 

vegetation types increased in the following order: forestland < shrubland < grassland 376 

< arable land. Except for grassland, the DRT values of the other vegetation types all 377 

increased with the increase in the soil layer, showing that the soil moisture response 378 

speed of the adjacent soil layers continued to decrease as rainfall infiltrated into the 379 

deep soil layers. 380 

As shown in Fig. 5b, under a light rain event, the soil moisture response duration 381 

(Duration) of the grassland and arable land slightly changed in the same soil layer, 382 

and the maximum value of Duration appeared in the third grassland layer. As shown 383 

in Fig. 6b, under a moderate rain event, the duration of each vegetation type 384 

significantly varied in different soil layers, from 0.23 hours to 54 hours. Compared 385 

with the other vegetation types, the Duration of each grassland soil layer was highest, 386 

and the Duration in the case of moderate rain was significantly greater than that in the 387 

case of light rain. Change from 13.08 hours to 54.98 hours. The duration of arable 388 

land and shrubland increased from 0.23 hours to 21.80 hours, and it also increased 389 

from 9.67 hours to 33.00 hours with the increase in depth. The duration of the 390 

forestland changed from 5.33 hours to 34.95 hours. 391 

The above analysis shows that in the case of light rain, the grassland soil 392 

moisture response lasted longer than that of the arable land. Compared with the other 393 

vegetation types, in the case of moderate rain, the grassland soil moisture response 394 
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was longest, and the soil moisture response time difference between the adjacent soil 395 

layers of the shrubland was minimum. 396 

 397 

Fig 5. DRT (a) and Duration (b) distribution maps of different vegetation types under 398 

light rain events. In the Fig., G represents grassland and A represents arable land. 399 
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Fig 6. DRT (a) and Duration (b) distribution maps of different vegetation types under 402 

moderate rain events. In the Figure, G stands for grassland, A stands for arable land, S 403 

stands for shrubland, and F stands for forestland. 404 

3.4 Response speed of the soil moisture of different vegetation types to different 405 

rainfall events 406 

It can be seen from Figs. 7 and 8 that in the case of light rain, the Smax and Smean 407 

of the grassland and arable land decreased with the increase in the soil layer, and the 408 

response speed of the grassland was significantly higher than that of the arable land, 409 

where the response speed was fastest in the first layer. This shows that the response 410 

speed of the soil moisture of various vegetation types under light rain events 411 

decreases with the increase in the soil layer. In the case of moderate rain, the response 412 

speeds of the soil moistures of different vegetation types were different, but the 413 

highest values of Smax and Smean appeared in the first grassland layer. 414 

As shown in Fig. 7, in the case of light rain, the Smax and Smean of the grassland 415 

and arable land decreased with the increase in the soil layer, and Smax was highest 416 

(1.62 vol.%/min) in the first layer. As shown in Fig. 8, in the case of moderate rain, 417 

the Smax and Smean of the first grassland layer and the farmland soil moisture were 418 

much higher than those of the other soil layers, indicating that the soil moisture 419 

response speed was fastest in this layer. In the case of moderate rain, the Smax and 420 

Smean of the shrubs both decreased with the increase in the soil layer. The Smax of the 421 

forestland increased and the Smean decreased with the increase in the soil layer. In 422 

general, the response speed of the soil moisture of all vegetation types was fastest in 423 

the first layer. The response speed of the soil moisture in the case of moderate rain 424 
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was significantly greater than that in the case of light rain, and the response speed of 425 

the grassland soil moisture to rainfall was significantly greater than those of the other 426 

vegetation types. 427 
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Fig 7. Soil response rate of different vegetation types under light rain event (Smax and Smean) 429 
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Fig 8. Soil response rates of different vegetation types under moderate rain events 431 

(Smax and Smean) 432 

4 Discussion 433 

4.1 Response process of the winter soil moisture of different vegetation types in 434 

karst areas 435 

Through this study, it was found that compared with other vegetation types, karst 436 

slopes in grassland have the largest response to rainfall, the longest response duration, 437 
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and the fastest response speed in winter. These results are different from the 438 

nonwinter research results of Yang Zhigang et al. (2021) in karst areas. Thus, the 439 

response processes of the soil moisture of different vegetation types to rainfall in karst 440 

areas in winter and in nonwinter seasons are different. The reason may be the seasonal 441 

difference in different vegetation types（Duan et al., 2016）. For example, compared 442 

with forestland and shrubland, grassland in winter has less litter and low vegetation 443 

coverage. Compared with winter grassland, arable land has a relatively high 444 

vegetation coverage and a relatively large rainfall interception due to its winter dry 445 

crops. Therefore, compared with other vegetation types, the indicators of the 446 

grassland soil moisture response to rainfall in winter are larger than those of other 447 

vegetation types. In addition, in winter karst environments, compared with other 448 

vegetation types, the grassland vegetation coverage is low and the interception is 449 

relatively small. In addition, karst rock fissures are currently being developed (Li et 450 

al., 2020). After rainfall, most of the surface runoff quickly enters the ground along 451 

with rock fissures, resulting in faster and longer responses to rainfall in winter 452 

grassland. 453 

Fig. 2 shows that only the soil moisture of the arable land and grassland 454 

responded in the case of light rain. This may be due to the differences in the physical 455 

properties of soil (Peng et al., 2020). First, the saturated hydraulic conductivity, 456 

noncapillary porosity, and organic matter content of the shrubland and forestland were 457 

greater than those of the arable land and grassland (Fig. 8), indicating that the water 458 

holding capacity of shrubland and forestland is relatively poor. In addition, in the 459 
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karst areas, the soil layer was thin, and the bedrock had strong permeability (Chen et 460 

al., 2009), leading to the infiltration of most of the water in the shrubland and 461 

forestland when rainfall occurred. Second, compared with the shrubland and 462 

forestland, the grassland and arable land in the winter had relatively small interception 463 

effects, leading to light rain events, and the soil moisture of the grassland and arable 464 

land could also respond. Fig. 3 shows that the RSWI in the second layer (222.50%) of 465 

the arable land was greater than 100%, indicating that the cumulative increase in the 466 

soil moisture of the arable land was maximum in the second layer. This may be 467 

because the saturated hydraulic conductivity of the arable land was highest in the first 468 

layer and then gradually decreased with the increase in the soil layer (Fig. 9). When 469 

rainfall occurred, the first soil moisture layer could quickly infiltrate to the second 470 

layer, making the Under the same rainfall event. The cumulative increase in the soil 471 

moisture of the arable land was maximum in the second layer. 472 
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Fig 9. Soil properties of different vegetation types. a: saturated hydraulic conductivity, 476 

b: average profile saturated hydraulic conductivity, c: noncapillary porosity, d: 477 

average profile noncapillary porosity. 478 

4.2 Karst environment impact on the research results 479 

The geological background of karst areas is complex. Even if they are all 480 

carbonate rocks, the parent rock formed by the soil is different, and the soil bulk 481 

density, soil pore water, capillary water holding capacity, and other soil properties are 482 

different (Sheng et al., 2018). For example, the Rendzic Leptosols formed by 483 

calcareous dolomite is compared with the Rendzic Leptosols formed by pure 484 

limestone, which has strong water permeability, small water holding capacity, and low 485 

natural water content (Huang et al., 1988). These differences in soil properties lead to 486 

differences in the response process of the soil moisture of different vegetation types 487 

during rainfall. The used sample plots in this study are located on a pure limestone 488 

slope, which only represents the response process of the soil moisture of different 489 

vegetation types to rainfall on a pure limestone slope. 490 

Second, karst areas have great spatial heterogeneity. Even if the bedrock is the 491 

same, the vegetation and seasonal characteristics of different climate types are 492 

e f 
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different, which may cause differences in the response process of soil moisture to 493 

rainfall (Chen et al., 2009). For example, in the same limestone karst area, in the case 494 

of humid mid-subtropical climate, the vegetation seasonal differences are more 495 

obvious. In summer, the vegetation is dark green, and the canopy closure is relatively 496 

large. In autumn, yellow-brown patches appear, and in winter, most of the leaves fall, 497 

leaving only dry branches. In the semi-humid climate of South Asia, although 498 

vegetation significantly differs from summer to winter, only some dominant species 499 

are deciduous in winter, and the forest layer is complex, where there are abundant 500 

plants in the middle forest layers, and the winding density of rattan (Huang et al., 501 

1988). These different vegetation characteristics may cause the interception of winter 502 

vegetation of this climate type to be greater than that of the mid-subtropical humid 503 

climate type, which may lead to differences in the response process of winter 504 

vegetation soil moisture to rainfall (Chen et al., 2010). This study area belongs to the 505 

humid mid-subtropical climate, which only represents the response process of 506 

different vegetation soil moistures to rainfall in this climate type, while the response 507 

process of vegetation soil moisture to rainfall in other climate types needs further 508 

investigation. 509 

To sum up, this study can better explain the response process of soil moisture to 510 

rainfall in winter for different vegetation types in the mid-subtropical humid climate 511 

of pure limestone slope land. The results of this study have enriched the 512 

understanding of the response process of the soil moisture of different vegetation 513 

types to rainfall in karst slopes and supplemented this knowledge system. This study 514 



 

 29 

also showed certain reference values for understanding the hydrological process of 515 

soil moisture-vegetation-precipitation and implementing various ecological 516 

restoration projects. 517 

5 Conclusion 518 

In this study, to explain the response process of the soil moisture of four 519 

vegetation types to rainfall in karst areas in winter, the response degree, response time, 520 

and response speed of the soil moisture of different vegetation types to rainfall were 521 

calculated using the time series data of the soil moisture of different vegetation types. 522 

The results showed that for grassland soil moisture, the response degree, response 523 

duration, and response speed to rainfall are largest, longest, and fastest, respectively. 524 

Also, the increment of the soil moisture in the adjacent soil layer of the arable land 525 

significantly changed among the four vegetation types of the selected karst slope land 526 

in winter. In addition, in the case of light rain, only the soil moistures of the grassland 527 

and arable land showed responses. Overall, the findings of this study supplement the 528 

understanding of the soil moisture of different vegetation types in karst slope land 529 

with regard to the rainfall response process and enrich the related knowledge system. 530 

However, whether the response process of soil water to rainfall in winter under other 531 

conditions, such as different bedrocks, climate types, vegetation types, and karst areas, 532 

will have new characteristics is a further question that needs more investigation. 533 
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